The quasi-thermal components found in many Fermi gamma-ray bursts (GRBs) imply that the photosphere emission indeed contributes to the prompt emission of many GRBs. But whether the observed spectra empirically fitted by the Band function or cutoff power law, especially the spectral and peak energy (E p ) evolutions can be explained by the photosphere emission model alone needs further discussion. In this work, we investigate in detail the time-resolved spectra and E p evolutions of photospheric emission from a structured jet, with an inner-constant and outer-decreasing angular Lorentz factor profile. Also, a continuous wind with a time-dependent wind luminosity has been considered. We show that the photosphere spectrum near the peak luminosity is similar to the cutoff power-law spectrum. The spectrum can have the observed average low-energy spectral index α ∼ −1, and the distribution of the low-energy spectral index in our photosphere model is similar to that observed (−2 α 0). Furthermore, the two kinds of spectral evolutions during the decay phase, separated by the width of the core (θ c ), are consistent with the time-resolved spectral analysis results of several Fermi multi-pulse GRBs and single-pulse GRBs, respectively. Also, for this photosphere model we can reproduce the two kinds of observed E p evolution patterns rather well. Thus, by considering the photospheric emission from a structured jet, we reproduce the observations well for the GRBs best fitted by the cutoff power-law model for the peak-flux spectrum or the time-integrated spectrum.
INTRODUCTION
After decades of investigations, the radiation mechanism of gamma-ray burst (GRB) prompt emission remains unclear. Optically thin synchrotron emission caused by internal shocks (Rees & Meszaros 1994) has been the most widely discussed model for many years, since it can naturally explain the non-thermal nature of the observed typical spectrum, which is a smoothly joint broken power law called the "Band" function (Band et al. 1993) . Observationally, the typical lowenergy photon index α of the Band function is around −1 (Preece et al. 2000; Nava et al. 2011; Zhang et al. 2011) . However, this model is found to face several difficulties in recent years. First, many of the observed bursts have a harder low-energy slope than the death line α = −2/3, which cannot be obtained by basic synchrotron theory (Crider et al. 1997; Preece et al. 1998; Kaneko et al. 2006; Goldstein et al. 2012) . Second, the spectral width for a large fraction of GRBs is found so narrow that it cannot be explained by synchrotron radiation (Axelsson & Borgonovo 2015; Yu et al. 2015) . Third, the narrow distribution at a few hundred keV of the observed peak energies cannot be well explained. Finally, since only the relative kinetic energy between different shells in the internal shock model can be released, the radiation efficiency is rather low (Kobayashi et al. 1997; Lazzati et al. 1999; Guetta et al. 2001; Kino et al. 2004) , which contradicts with the observed high efficiency of a few tens of percent (Fan & Piran 2006; Zhang et al. 2007 ).
Due to these difficulties for the internal shock model, the photospheric emission model seems to be a promising scenario (e.g., Thompson 1994; Mészáros & Rees 2000; Pe'er & Ryde 2011; Toma et al. 2011; Fan et al. 2012; Lazzati et al. 2013; Lundman et al. 2013; Ruffini et al. 2013; Deng & Zhang 2014; Bégué & Pe'er 2015; Gao & Zhang 2015; Pe'er et al. 2015; Ryde et al. 2017; Acuner & Ryde 2018; Hou et al. 2018; Meng et al. 2018) . The photospheric emission is the reasonable result of the original fireball model (Goodman 1986; Paczynski 1986 ), since at the base of the outflow the optical depth is much greater than unity (e.g. Piran 1999) . As the fireball expands and becomes transparent, the internally trapped photons are eventually released at the photosphere. The photospheric emission model naturally explains the clustering of the peak energies and the high radiation efficiency observed.
Indeed, a quasi-thermal component has been found in tens of BATSE GRBs (Ryde 2004 (Ryde , 2005 Ryde & Pe'er 2009 ) and some Fermi GRBs (GRB 090902B, Abdo et al. 2009 , Ryde et al. 2010 , Zhang 2011 GRB100724B, Guiriec et al. 2011 ; GRB 110721A, Axelsson et al. 2012; GRB 100507, Ghirlanda et al. 2013 ; GRB 101219B, Larsson et al. 2015 ; and the short GRB 120323A, Guiriec et al. 2013) . Especially in the case of GRB 090902B, the photospheric emission dominates the observed emission. But whether the whole observed Band function or cutoff power law is of a photosphere origin remains unknown. If they are, the quasi-thermal spectrum needs to be broadened. Two different ways of broadening have been considered currently: subphotospheric dissipation Giannios 2006; Beloborodov 2016; Vurm & Beloborodov 2016 ) and geometric broadening (Pe'er 2008; Ito et al. 2013; Lundman et al. 2013; Deng & Zhang 2014) .
Generally, photosphere is defined as a surface where the Thompson scattering optical depth τ for a photon is τ = 1. Consistent with Abramowicz et al. (1991) , Pe'er (2008) found that the photospheric radius R ph is angledependent for a relativistic, spherically symmetric wind, R ph (θ) ∝ (θ 2 /3 + 1/Γ 2 ), where θ is the angle measured from the line of sight (LOS) and Γ is the outflow bulk Lorentz factor. But in principle, the photons can be last scattered at any position (r, Ω) inside the outflow, where r is the distance from the explosion center and Ω(θ, φ) is the angular coordinates. Thus, a probability function P (r, Ω) is brought in to describe the possibility of last scattering at any location (Pe'er 2008; Beloborodov 2011; Pe'er & Ryde 2011) . Also, the observed spectrum is a superposition of a collection of blackbodies with different temperature, therefore it is broadened (namely geometric broadening).
Based on the geometric broadening, Deng & Zhang (2014) performed a detailed study of the photosphere emission spectrum for the spherically symmetric wind. They showed that the spectrum below E p can be modified to F ν ∼ ν 1.5 (α ∼ +0.5), which is not consistent well with the observation (α ∼ −1.0). Also, for the E p evolution as a function of photosphere luminosity, the L ph −E p anti-correlation is clearly shown. The observed hardto-soft evolution and E p -intensity tracking (Ford et al. 1995; Liang & Kargatis 1996; Ghirlanda et al. 2010; Lu et al. 2010 Lu et al. , 2012 ) cannot be reproduced well. They thus claimed that a more complicated photosphere model may be needed. Here in this work, by considering the photosphere emission for a jet with lateral structure, we show that the observed typical low-energy photon index (α ∼ −1.0) and E p evolutions (hard-to-soft evolution or E p -intensity tracking) can be obtained. Indeed within the collapsar model (MacFadyen & Woosley 1999) , as the jet gets through the collapsing progenitor star, the pressure of the surrounding gas collimates it (e.g., Zhang,Woosley & MacFadyen 2003; Morsony, Lazzati & Begelman 2007; Mizuta, Nagataki & Aoi 2011) , thus the jet may have angular profiles of energy flux and Lorentz factor, namely a structured jet (e.g., Dai & Gou 2001; Rossi et al. 2002; Zhang & Mészáros 2002; Zhang et al. 2004) . Noteworthily, this structured jet is well believed to exist in GRB 170817A (the first joint detection of short GRB and gravitational wave, Lazzati et al. 2018; Lyman et al. 2018; Meng et al. 2018; Mooley et al. 2018; Zhang et al. 2018b) , whose unusual performance of the prompt emission and the afterglow has invoked hot debate (e.g., Ai et al. 2018; Geng et al. 2018; Li et al. 2018; Lin et al. 2018; Wang et al. 2018; Geng et al. 2019; Lan et al. 2019; Li et al. 2019) .
Previously, Lundman et al. (2013) showed that, with the collimated jet and instantaneous injection of photons the photospheric time-integrated spectrum can reproduce the observed average low-energy photon index α ≈ −1. But for the photospheric emission from a structured jet, the time-resolved spectra, the spectral evolutions, more reasonable energy injection of continuous wind, the effect of variable wind luminosity and the evolution of E p need to be further explored, which are the main contents in our work.
We calculate the time-resolved photosphere spectra from a structured jet for progressively more reasonable energy injections: impulsive injection, continuous wind with a constant wind luminosity and continuous wind with a variable wind luminosity. We also perform the time-resolved spectral analysis of several GRBs observed by Fermi GBM and possessing a pulse that has a rather good profile, and then compare the spectral evolutions of this analysis and the model. In addition, we discuss the luminosity profiles and E p evolution based on the model calculation. We show that the photosphere spectrum around the peak luminosity is close to the spectrum of the cutoff power-law model, which is the best-fit model for large amounts of the time-resolved spectra in GRBs (e.g., Kaneko et al. 2006; Yu et al. 2016) . Also, the spectrum can get a flattened shape (α ∼ −1) below the peak, and the distribution of the low-energy spectral index is similar to that observed (−2 α 0). Based on the model calculation, the two types of spectral evolutions (decided by the width of the core) during the decay phase are consistent with the time-resolved spectral analysis results of several Fermi multi-pulse GRBs and single-pulse GRBs, respectively. Finally, for this photosphere model we can reproduce the two types of observed E p evolution patterns rather well.
The paper is organized as follows. In Section 2, we describe the basic assumptions in our photosphere model. We then present the calculations of the time-resolved photosphere spectra for progressively more reasonable energy injections, the time-resolved spectral analysis of several Fermi GRBs and the discussion on E p evolution in Section 3. The conclusions are drawn in Section 4. Fig. 1 .-Basic picture of our model. Long-lasting central engine with a variable wind luminosity and an inner constant and outer decreased angular Lorentz factor profile are assumed. Different colors of the layers represent different wind luminosity (the maximum for the red, the minimum for the blue). Also, the grayscale in the lateral directions shows the Lorentz factor profile (darker for larger Lorentz factor).
BASIC ASSUMPTIONS
The basic physical picture of our paper is shown in Figure 1 . The photons are continuously emitted into a series of layers released by a long-lasting central engine, and the wind luminosity of the central engine is time-dependent, similar to those in Deng & Zhang (2014) (see Figure 1 therein). But in our model, the jet is structured, with an inner-constant and outer-decreasing angular Lorentz factor profile (as seen in Figure 1 of Lundman et al. 2013 ) and an angle-independent luminosity 1 . The angular Lorentz factor profile takes the form
where Γ 0 is the constant Lorentz factor in the jet core, θ c is the half-opening angle for the jet core, p is the powerlaw index of the profile, and Γ min = 1.2 is the minimum value of the Lorentz factor. Also, the effect of the non-zero viewing angle (θ v ) is the same as that shown in Figure 2 of Lundman et al. (2013) . There are two sets of spherical coordinates in the jet: the spherical coordinates (r, θ, φ) with the polar axis parallel to the jet axis of symmetry and the spherical coordinates (r, θ LOS , φ LOS ) with the polar axis parallel to the LOS. The radial coordinate (r) is along the axis at an angle θ LOS to the LOS and θ to the jet axis.
3. THE TIME-RESOLVED SPECTRA OF MODEL AND
OBSERVATION
In this section, we firstly present calculations of the time-resolved photosphere spectra for progressively more reasonable energy injections, impulsive injection in Section 3.1, continuous wind with a constant wind luminosity in Section 3.2, and continuous wind with a variable wind luminosity in Section 3.3. Then in Section 3.4, we compare them with the time-resolved spectral analysis results of several GRBs observed by Fermi GBM and possessing a pulse that has a rather good profile. Finally, discussions on the luminosity profiles and E p evolution patterns are presented in Section 3.5. In this section, to calculate the time-resolved spectra, we modify Equation (10) in Lundman et al. (2013) which calculates the time-integrated photospheric spectrum: 
Thus,
Since the outflow luminosity is assumed to be angleindependent, the photon emission rate at the base of the outflow, r = r 0 , is also independent of angle, The decoupling radius, R dcp , is defined as the radius where the optical depth to scattering a photon moving in the radial direction becomes unity. While the photospheric radius, R ph , is the radius where the optical depth to scattering a photon moving towards the observer becomes unity. Their difference is the direction where the photon propagates.
The decoupling radius, R dcp , can be calculated by
where
is the angle-dependent mass outflow rate per solid angle. Thus, the decoupling radius is also angle-dependent. While the photospheric radius, R ph , can be written as
(5) In the former term of Equation (2)
2 ) exp (−R ph /r) represents the probability density function for the final scattering to happen at the radius r and the angular coordinate Ω(θ, φ), namely, P (r, Ω). Also, this term is very similar to the probability density function used in Pe'er & Ryde (2011) and that introduced in Beloborodov (2011) .
For the latter term E · (dP/dE), dP/dE describes the probability for a photon to have an observer frame energy between E and E+ dE within volume element dV . It is derived as
is the observer frame temperature, T ′ (r, Ω) is the comoving temperature. Notice that the comoving temperature also depends on the angle, since the Lorentz factor Γ, the saturation radius R s and the photospheric radius R ph are all angledependent, i.e.,
Adding a δ-function δ(t − ru/βc) to Equation (2), u = (1 − β cos θ LOS ) here, we get the formula that calculates the instantaneous spectrum at the observer time t:
Since βc/u is independent of t, we have δ(t − ru/βc) = (βc/u) × δ(r = βct/u). Meanwhile, taking into account the effect of redshift, we have
So, through the numerical integration of Equation (9), we obtain the time-resolved spectra. The results are presented in Figs 2 and 3. We have considered a big set of the parameter space region: Γ 0 = 200, 400; p = 1, 4; θ c Γ 0 = 1, 10 and θ v /θ c = 0, 2. The Gaussian jet is considered, too. Also, a total outflow luminosity of L = 10 52 erg s −1 and the base outflow radius r 0 = 10 8 cm are assumed. A luminosity distance of d L = 4.85 × 10 28 cm (z = 2, which is the peak of the GRB formation rate according to Pescalli et al. 2016 ) is used for spectrum normalization and redshift effect.
In Figure 2 , we consider a narrow jet core (θ c = 1/Γ 0 ) with the Lorentz factor gradient p = 1 observed at θ v = 0. Obviously, in this case the time-resolved photosphere spectrum evolves from the pure blackbody (early on) to a power law with negative index (F ν ∼ ν −1.75 ). The latetime spectrum is quite different from the flattened shape for the uniform jet (Pe'er & Ryde 2011; Deng & Zhang 2014 ). In addition, the power law has an exponential tail of blackbody emission at the high-energy end, which is the same as the case of the uniform jet.
From Figure 3 , we can compare the spectral evolutions for different Lorentz factor profiles or viewing angle. As shown in Figure 3a , with a larger Lorentz factor gradient p = 4, the late-time power law is more flat. This is because that the outer jet region becomes more narrow and thus contributes less to the spectra. Also, Figure 3d is quite similar to Figure 3a , because the Lorentz factor falls down very quickly for the Gaussian profile, too. For p = 4, when Γ ∼ 1, we have θ ∼ (Γ 0 /1) 1/4 · θ c ∼ 4.5θ c ; while for Gaussian jet, θ ∼ 2 ln(Γ 0 /1) · θ c ∼ 3.5θ c . Figure 3b shows that, when Γ 0 is smaller the slope of the power law has no change, but the cut-off energy on the high-energy end decreases. Surely the peak energy of the early-time blackbody decreases too, and the blackbody arrives later. Furthermore, Figure 3e is close to Figure  3b , which means if the viewing angle is non-zero the spectral evolution is similar. Finally, Figure 3c presents the time-resolved spectra for a wider jet core θ c = 10/Γ 0 . Compared with the yellow spectra (for the narrow jet core), we find that the late-time power law flattens significantly, but not completely (compared with the black solid spectra for the uniform jet). 
Continuous Wind with a Constant Wind
Luminosity GRBs are observed to have a duration, we thus consider the more reasonable case that the central engine produces a continuous wind. In this section, the wind luminosity and the baryon loading rate at different time are assumed to be constant, thus the Lorentz factor is also constant:
wheret indicates the central-engine time since the very first layer of the wind was injected. We may consider that the wind consists of many thin layers, with each layer indicated by its injection timet . For a layer ejected fromt tot + dt, the spectrum at the observer time t (for t >t) is
Compared with Equation (9), the only difference is r = βc(t −t)/u. Then, by integrating over all the layers, we get the spectrum at t, i.e.,
Figure 4 presents the time-resolved photosphere spectra of the continuous wind with time-independent luminosity and Lorentz factor (before 1 s), and the spectral evolution after an abrupt shut-down (at 1 s). Here, we take the same parameters as Figure 2 . Before 1 s, the spectrum evolves from a pure blackbody (t = 10 −4 s) to the spectrum with a flattened shape (F ν ∼ ν 0 ) below the peak. This is caused by the superposition of emission from all layers, since the spectrum from the old layer is a power law with negative index (F ν ∼ ν −1.75 ) as shown in Figure 2 . The flattened shape (F ν ∼ ν 0 )
Fig. 5.-Photosphere luminosity light curves of continuous winds, which shut down at 1 s (red) and 10 s (blue). After the shut-down, the light curves fall quickly before entering the t −2 phase.
below the peak is consistent with the average low-energy spectral index for the time-resolved spectra observed in GRBs (e.g., Kaneko et al. 2006; Yu et al. 2016) . After an abrupt shut-down (at 1 s) the power law with negative index shows up quickly, but the flux is predominantly low, meaning that there is a rapid falling phase (see the photosphere luminosity light curves in Figure 5 ). This is the same as the case of the uniform jet.
Continuous Wind with a Variable Wind
Luminosity Since the light curves of the GRBs show relatively slow change in luminosity, unlike the steep rise and fall (almost within 10 −4 s) for the case of constant wind luminosity, the wind luminosity may vary with time, rising and then falling gradually.
Wind Luminosity History
Generally, GRB pulses can be fitted well with the exponential model (Norris et al. 2005) or the smoothly joint broken power law model (Kocevski et al. 2003) . So, we approximate the wind luminosity history with the broken power law model and the exponential model, respectively.
For the broken power law model, the rising and decaying indices are a r and a d respectively, along with a peak luminosity L w,p att p . Then in the rising phase (t <t p ), the luminosity history can be written as
while in the decaying phase (t >t p ), as
where b r = log L w,p − a r logt p and b d = log L w,p − a d logt p are normalization parameters. For the exponential model, the luminosity history can be
wheret s is the start time, τ 1 and τ 2 are respectively the characteristic time scales indicating the rise and decay periods, L w,p is still the peak of luminosity att p , and
Spectra Calculation
From Equation (4), we have R dcp ∝ L w 2 . In addition, R s = Γr 0 is independent of L w . So we normally have R dcp ≥ R s for a relatively large L w (L w = 10 52 erg s −1 ); but as the wind luminosity may rise and then fall, we may have R dcp < R s in the relatively early and late periods of the pulse. In the following, we deal with these two cases, respectively.
R dcp ≥ Rs Case -Since the outflow luminosity varies with time, dṄ γ /dΩ is surely time-dependent,
Note that T 0 is time-dependent, too. When calculating the decoupling radius R dcp , the optical depth can be written as
Here, dṀ (θ)/dΩ should depend both ont and r (r > R dcp ). We omit writing angular dependences below for clarity.
2 Γ is the mass outflow rate at the central engine timet, while
denotes the mass outflow rate att−∆t (much earlier than t), ∆t = (r − R dcp )/2Γ 2 βc. In addition, since τ ∼ 1/r, we can set the upper limit in Equation (17) as 11R dcp . Then, for L w = 10 52 erg s −1 and Γ = 200, ∆t ∼ 3×10 −3 s ≪ 1 s. Thus, we may consider dṀ /dΩ to be independent of r, which means
And the other way round, when the photon emitted from the layer (t) catches up with the only slightly earlier layer (t − ∆t, ∆t ∼ 3 × 10 −3 s), it has reached a quite large radius 11R dcp . This means that the assumption of infinity outer boundary is reasonable.
For the same reason, we take dṀ (t, r)/dΩ ≃ dṀ (t, R ph )/dΩ = dṀ (t)/dΩ (r > R ph ), regardless of the angle-dependent ∆t. Thus, the time-dependent photospheric radius R ph (t) can be written as
2 As shown in Figure 4 in Lundman et al. (2013) , R ph ∼ R dcp . Thus, we only use R dcp to judge how large Lw is. Then, the comoving temperature T ′ (r, Ω,t) can be obtained by (omitting angular dependences):
Similar to the case of constant wind luminosity, we have
Then, using Equation (12) to integrate over all the layers, we get the spectrum at t. Note that we must judge whether we have R dcp (t) ≥ R s for the layer ejected att; if not, we should calculate as following.
R dcp < Rs Case -In this condition, dṄ γ (t)/dΩ is still calculated by Equation (16). As for the decoupling radius R dcp , we have
Meanwhile, since the complexity of Γ (r and θ dependent) and R ph ∼ R dcp , for simplicity we take
Besides, the comoving temperature T ′ (r,t) is given by
where Γ(t) = R dcp (t)/r 0 . Then, F ob E ob (θ v , t,t) is still calculated by Equation (22), except that
Results
Figures 6a-6c show the calculated, instantaneous spectra of winds with variable luminosity for different luminosity histories. We fixt p = 2.4 s, L w,p = 10 52 erg s −1 , r 0 = 10 8 cm and d L = 4.85 × 10 28 cm (z = 2), and use the Lorentz factor profile Γ 0 = 400, θ c = 1/400, p = 1 along with θ v = 0. We investigate three different luminosity profiles, the broken power law model with (a r , a d ) = (0.75, −5), (0.75, −8) and the exponential model with τ 1 = 32, τ 2 = 0.5 andt s = −1.6. For each plot, different colors show different observational times. Obviously, during the rising phase (t = 0.5 s or 1.2 s, 2.4 s) the resulting spectra are quite similar to those for the case of the constant luminosity (Figure 4) , i.e., the spectra have a flattened shape (F ν ∼ ν 0 ) below the peak, consistent with the average low-energy spectral index for the time-resolved spectra observed in GRBs (e.g., Kaneko et al. 2006; Yu et al. 2016) , and caused by the superposition of emission from the layers injected at different times. During the decay phase (t = 5 s, 7 s, 10 s), the power law with negative index shows up gradually. The reason is that the high-latitude emission becomes more dominant (see Figure 2) , since it comes from the much earlier layers that have higher luminosities. The steeper the decay phase gets, the more significant the power law with negative index is. For the broken power law model with (a r , a d ) = (0.75, −8) and the exponential model, the spectrum at t = 10 s is fully a power law with negative index.
In Figures 7a-7d , we compare the resulting timeresolved spectra for different Lorentz factor profiles. The other parameters are the same as Figure 6c . As shown in Figure 7a , with a larger Lorentz factor gradient p = 4, the resulting spectra during the rising phase (t = 1.2 s, 2.4 s) are a little harder (F ν ∼ ν 0.5 ) below the peak, during the decay phase (t = 5 s, 7 s, 10 s), a power law with negative index still shows up gradually. At t = 7 s, the spectrum is the mix of a power law with negative index on the low-energy end and a modified blackbody with a shallower low-energy spectral index (α ∼ −0.5) on the high-energy end. While the spectrum at t = 10 s is fully a power law with negative index. Figure 7b presents the time-resolved spectra for a wider jet core with θ c = 1/40 and p = 4, the resulting spectra during the rising phase are similar to Figure 7a , with F ν ∼ ν 1.0 below the peak. At t = 7 s, the spectrum is still the mix of a power law with negative index and a modified blackbody with a shallower low-energy spectral index (α ∼ 0.0). However, the spectrum at t = 10 s is not a power law with negative index, but a modified blackbody with a flattened shape (F ν ∼ ν 0 ) below the peak. Figure 7c shows that, with θ c = 1/40 and p = 1, the resulting spectra during the rising phase and the decay phase are almost the same, i.e., a modified blackbody with a shallower low-energy spectral index (α ∼ 0.0). Finally, Figure 7d presents the time-resolved spectra for a narrower jet core with θ c = 1/4000 and p = 0.5, the resulting spectra during the rising phase are much softer (F ν ∼ ν −0.8 ) below the peak, which is consistent with the lowest low-energy spectral index for the time-resolved spectra observed in GRBs (e.g., Kaneko et al. 2006; Yu et al. 2016) . During the decay phase, a power law with negative index shows up gradually also.
Figures 8a-8c show the resulting time-resolved spectra for non-zero viewing angle or smaller Γ 0 . Figure 8a shows that, for a non-zero viewing angle θ v = 1/400, the resulting spectra during the rising phase are similar to those for θ v = 0 (see Figure 6c) , i.e., the spectra have a flattened shape (F ν ∼ ν 0 ) below the peak, but the E p is much smaller. During the decay phase, the resulting spectra are similar to those for θ v = 0, too. For Γ 0 = 200 (smaller), θ c = 1/200 in Figure 8b and θ c = 1/40, p = 4, θ v = 1/40 in Figure 8c , the resulting spectra during the rising and decay phases are similar to Figure 8a .
In Figures 9a and 9b , we consider the influence of different r 0 or L w,p on the time-resolved spectra, respectively. For r 0 = 10 9 cm and L w,p = 10 53 erg s −1 , the resulting spectra during the rising phase change little (compared with Figure 6c ). But during the decay phase, the power law with negative index shows up more quickly for r 0 = 10 9 cm, while same with Figure 6c for L w,p = 10 53 erg s −1 . 
Time-resolved spectral analysis of GRBs observed
by Fermi GBM Previously, we calculated the time-resolved spectra of winds with variable luminosity for a big set of the parameter space region. Here, we perform time-resolved spectral analysis of several GRBs observed by Fermi GBM and possessing a pulse that has a rather good profile. By comparison, we may know whether the photosphere model with an angular Lorentz factor profile can explain the observed spectral evolution well. We select the GRBs based on Lu et al. (2012) , and divide the GRBs into two categories: multi-pulse GRBs (GRB 081125, GRB 090131B and GRB 090626A) which have multiple pulses, and single-pulse GRBs (GRB 081224, GRB 090809B and GRB 110817A) which have single pulse 3 .
3.4.1. multi-pulse GRBs Figure 10 shows the time-resolved spectral analysis results of GRB 081125. Three different empirical models are fitted to each observed time-resolved spectrum, namely, the Band function (BAND), the cutoff power law (COMP) model and a simple power law (PL). In the top right panel, we present the model spectra of the best-fit models with corresponding parameters for 2.35−2.8 s and 6.3 − 9.6 s. The spectral fits to the time-resolved spectra for 2.35 − 2.8 s and 6.3 − 9.6 s are illustrated in the middle left panel and the bottom right panel, respectively. But we find that neither of the three different empirical models can fit the time-resolved spectra very well for 4.3 − 5.3 s and 5.3 − 6.3 s, since the time-resolved spectra seem to be fitted better with the power law model on the low-energy end and the COMP model on the high-energy end. The combined model spectra of the PL plus COMP model with corresponding rough 4 best-fit parameters are shown in the top right panel also. The observed spectra (fitted with the PL model) for 4.3 − 5.3 s and 5.3 − 6.3 s are illustrated in the middle right panel and the bottom left panel, respectively. We find that the observed spectral evolution is quite similar to that for the case of θ c = 1/400 and p = 4 (shown in the top left panel, and same as Figure 7a ). The spectra during the rising phase (t = 1.2 s, 2.4 s for model, 2.35−2.8 s for observation) are cutoff power law with a little harder than the flattened shape below the peak, during the decay phase (t = 5 s, 7 s, 10 s for model, 4.3 − 5.3 s, 5.3 − 6.3 s and 6.3 − 9.6 s for observation), a power law with negative index shows up gradually. At t = 7 s for model and 4.3 − 5.3 s, 5.3 − 6.3 s for observation, the spectra are all the mix of the power law with negative index on the low-energy end and the modified blackbody with a shallower low-energy spectral index (larger than −1) on the high-energy end. While the spectra at t = 10 s for model and 6.3 − 9.6 s for observation both are fully the power law with negative index. Our best-fit results of the time-resolved spectra from GRB 081125 are almost consistent with those of Yu et al. (2016) , where the best-fit models before 3.615 s are all the COMP model and the best-fit models after 3.615 s are the PL model. Similarly, Figure 11 shows the time-resolved spectral analysis results of GRB 090131B. The best-fit results of the time-resolved spectra for several different time intervals are presented in the top right panel. In the bottom panels, the spectral fits to the time-resolved spectra for 24.2 − 26.6 s (left) and 26.6 − 30 s (right) are illustrated. The observed spectral evolution is found to be quite similar to that for the case of θ c = 1/400 and p = 1 (shown in the top left panel, and same as Figure 6c) . The spectra during the rising phase (t = 1.2 s, 2.4 s for model, 22.658 − 22.907 s, 22.907 − 23.168 s for observation) are cutoff power law with the flattened shape below the peak, during the decay phase (t = 5 s, 7 s, 10 s for model, 23.5 − 24.2 s, 24.2 − 26.6 s and 26.6 − 30 s for observation), a power law with negative index shows up gradually. At t = 7 s for model and 23.5 − 24.2 s for observation, the spectra both are the mix of the power law with negative index on the low-energy end and the modified blackbody with the low-energy flattened shape on the high-energy end. While the spectra at t = 10 s for model and 24.2 − 26.6 s, 26.6 − 30 s for observation (see the two bottom panels) are all fully the power law with negative index. Our best-fit results of the time-resolved spectra from GRB 090131B are also almost consistent with those of Yu et al. (2016) , where the best-fit models before 23.422 s are all the COMP model and the best-fit models after 23.898 s are the PL model. Also, Figure 12 shows the time-resolved spectral analysis results of GRB 090626A. The best-fit results of the time-resolved spectra for several different time intervals are presented in the left panel, and the spectral fits to the time-resolved spectrum for 8.9 − 14 s in the right panel. The observed spectral evolution is similar to that for the case of θ c = 1/400 and p = 1 (see Figure 6c) , too. And the best-fit results of the time-resolved spectra are also almost consistent with those of Yu et al. (2016) , where the best-fit models after 5.888 s are the PL model. Figure 13 shows the time-resolved spectral analysis results of GRB 081224. The best-fit results of the timeresolved spectra for several different time intervals are presented in the top right panel. In the bottom panels, the spectral fits to the time-resolved spectra for 2.370 − 3.037 s (left) and 8.019 − 13.930 s (right), and the observed spectra (fitted with the PL model) for 5.792 − 8.019 s (middle) are illustrated. The observed spectral evolution is found to be quite similar to that for the case of θ c = 1/40 and p = 4 (shown in the top left panel, and same as Figure 7b ). The spectra during the rising phase (t = 1.2 s, 2.4 s for model, 2.370 − 3.037 s for observation) are still the cutoff power law with a little harder than the flattened shape below the peak. At t = 7 s for model and 5.792 − 8.019 s for observation, the spectra both are the mix of the power law with negative index on the low-energy end and the modified blackbody with a shallower low-energy spectral index (larger than −1) on the high-energy end. However, the spectra at t = 10 s for model and 8.019−13.930 s for observation are not the power law with negative index, but the modified blackbody with the flattened shape (F ν ∼ ν 0 ) below the peak. The best-fit results of the time-resolved spectra are almost consistent with those of Yu et al. (2016) , where the best-fit models before 13.975 s are all the COMP model and the best-fit low-energy spectral index changes from −0.2 to −1.
single-pulse GRBs
Figures 14 and 15 present the time-resolved spectral analysis results of GRB 090809B and GRB 110817A, respectively. The observed spectral evolution for each is similar to that for GRB 081224, thus the case of θ c = 1/40 and p = 4. The best-fit results of the timeresolved spectra are also almost consistent with those of Yu et al. (2016) .
According to the above analyses, we can see that the photosphere model with an angular Lorentz factor profile may explain the observed spectral evolution well. In addition, the observed spectral evolutions for multi-pulse GRBs and single-pulse GRBs seem to be different. The θ c for multi-pulse GRBs seems to be more narrow, while much wider for the single-pulse GRBs.
3.5. Luminosity profiles and E p evolution The light curve is an important observational characteristic for GRBs. Here, in Figure 16 , we use the light curve profiles of a few GRBs to test the reasonability of our initial wind luminosity L w profiles 5 . Also, we explore the parameter dependencies of the photosphere luminosity L ph profiles. For the initial wind luminosity L w profile of a r = 0.75 and a d = −5, the photosphere luminosity L ph profile (blue triangle points) is close to the light curve profile of GRB 090131B. While for the initial wind luminosity L w profile of τ 1 = 32, τ 2 = 0.5 andt s = −1.6, the photosphere luminosity L ph profiles (the points of different shapes and colors for various parameters) are close to the light curve profile of GRB 110817A. As for the pa- rameter dependencies, the photosphere luminosity L ph falls down more rapidly for a wider jet core (θ c = 1/40, p = 1 or θ c = 1/40, p = 4) or larger r 0 (r 0 = 10 9 cm), and more slowly for a narrower jet core (θ c = 1/4000, p = 0.5), smaller Γ 0 (Γ 0 = 200), non-zero viewing angle (θ v = 1/400 or θ c = 1/40, p = 4, θ v = 1/40) or larger L w,p (L w,p = 10 53 erg s −1 ). Furthermore, the evolution of E p is crucial to judge whether a GRB prompt emission model is better. Observationally, the hard-to-soft evolution and intensitytracking patterns have been identified (Ford et al. 1995; Liang & Kargatis 1996; Lu et al. 2010 Lu et al. , 2012 .
For the photosphere emission model of a uniform jet, Deng & Zhang (2014) showed that the observed hardto-soft evolution pattern cannot be reproduced, and the E p − L tracking pattern can be reproduced when the dimensionless entropy η depends positively on L w . Here, by considering the structured jet and including the R ph < R s regime, we can reproduce the hard-to-soft evolution and intensity-tracking patterns better with the photosphere model.
Based on the numerical results of the time-resolved spectra presented in Figure 6c (θ c = 1/400, p = 1) and Figure 7b (θ c = 1/40, p = 4), we plot the evolution of E p with respect to wind luminosity (τ 1 = 32, τ 2 = 0.5, t s = −1.6) in the top left panel of Figure 17 . An approximate hard-to-soft evolution is shown, except for a slight increase after the peak of L w . The evolution is similar for other Lorentz factor profiles and viewing angles considered above. Now, we perform some analytical discussions. For the regime R ph > R s (relatively large L w near the peak), the observed temperature can be expressed as
Here, the observed temperature is angle-dependent. Compared with the case of a uniform jet (black solid line), the L w − E p anti-correlation is much weaker. And if we consider the time-integrated spectra, the anticorrelation may almost disappear. Then as the L w falls down, one enters the regime R ph < R s , and
Now, we have E p ∝ L w , which means E p decreases. Thus, a approximate hard-to-soft evolution shows up. For the time-integrated spectra of the wind luminosity a r = 0.75, a d = −5 which has a steeper decay phase, the hard-to-soft evolution is rather well as showed in the top right panel of Figure 17 . For this wind luminosity, the photosphere luminosity L ph in the decay phase has an index of a d = −2.5 which is consistent with the average decay phase index d = 2.44±0.12 of a large sample of GRBs in Kocevski et al. (2003) . In addition, with a larger r 0 (r 0 = 10 9 cm) the evolution of E p acts as the intensitytracking pattern well, as showed in the bottom panel of Figure 17 . This is because the R ph < R s regime works for the whole wind profile (For the same reason, the intensity-tracking pattern can be obtained with smaller peak luminosity L w,p = 10 51 erg s −1 ). And the much larger r 0 is consistent with the rather high mean value r 0 ∼ 10 8.5 cm deduced in Pe'er et al. (2015) .
CONCLUSIONS AND DISCUSSION
In this paper, we investigate the time-resolved spectra and E p evolutions of photospheric emission from a structured jet. To be more realistic, a continuous wind with a time-dependent wind luminosity has been considered. The following conclusions are drawn. (1) The photosphere spectrum near the peak luminosity is similar to the spectrum of the cutoff power-law model, which is the best-fit model for a large percentage of the time-resolved spectra in GRBs (e.g., Kaneko et al. 2006; Yu et al. 2016) . (2) The photosphere spectrum near the peak luminosity can have a flattened shape (F ν ∼ ν 0 ) below the peak, consistent with the average low-energy spectral index (α ∼ −1) for the time-resolved spectra observed in GRBs (e.g., Kaneko et al. 2006; Yu et al. 2016) . Also, the distribution of the low-energy spectral index for our photosphere model is similar to that observed (−2 α 0). For θ c = 1/4000 and p = 0.5, α ∼ −1.8; for θ c = 1/40 and p = 4, α ∼ 0. (3) Judged by the width of the jet core, the spectral evolutions during the decay phase for our photosphere model can be mainly divided into two types. A power law with negative index gradually emerges for narrower core (θ c = 1/400), while a modified blackbody with a flattened shape (F ν ∼ ν 0 ) below the peak shows up for wider core (θ c = 1/40, p = 4). Based on the time-resolved spectral analysis of several GRBs observed by Fermi GBM and possessing a pulse that has a rather good profile, we find that the above-mentioned two kinds of spectral evolutions during the decay phase do seem to exist. The spectral evolution for the multi-pulse GRBs is similar to that for narrower jet core, while the single-pulse GRBs similar to wider jet core. (4) For this photosphere model, we can reproduce the two types of observed E p evolution patterns rather well. For the typical parameters, we get the hard-to-soft evolution; and for a larger r 0 (r 0 = 10 9 cm) or smaller L w,p (L w,p = 10 51 erg s −1 ), we have the intensity-tracking pattern. From the above, by considering the geometrical broadening for structured jet, we reproduce the observed time-resolved spectra, the spectral evolutions and E p evolutions well for the GRBs best fitted by the cutoff power-law model for the peak-flux spectrum or the time-integrated spectrum.
Photospheric emission for spherically symmetric outflows has been investigated by several authors (Pe'er 2008; Beloborodov 2011; Pe'er & Ryde 2011; Deng & Zhang 2014) . But hydrodynamic simulations for a jet propagating through the envelope of the progenitor star (Zhang,Woosley & MacFadyen 2003; Mizuta et al. 2006; Morsony, Lazzati & Begelman 2007; Lazzati et al. 2009; Nagakura et al. 2011) show that the jet should have lateral structure and rapid time variability. Thus, in this paper we consider an angular Lorentz factor profile and a continuous wind with a time-dependent wind luminosity. Lundman et al. (2013) showed that, with an inner-constant and outer-decreasing angular Lorentz factor profile and instantaneous injection of photons, the photospheric time-integrated spectrum can reproduce the observed average low-energy photon index α ≈ −1. But whether the time-resolved spectra, the spectral evolutions and E p evolutions for more reasonable energy in- jection of continuous wind can match the observations needs to be further considered, which have been carefully treated in this paper. And we find that they match well for the GRBs best fitted by the cutoff power-law model for the peak-flux spectrum or the time-integrated spectrum. We only give a rough comparison here since we mainly focus on the model calculations, the complete fit to the data with the model will be further explored in future works.
In addition, we consider non-dissipative fireball dynamics here. The radial distributions of the Lorentz factor and the comoving temperature in dissipative outflows are significantly different (Giannios 2012; Beloborodov 2013) . Energy dissipation in the area of moderate optical depth has been proposed by many authors, with various dissipative mechanisms such as shocks (Pe'er et al. 2005 (Pe'er et al. , 2006 Lazzati & Begelman 2010) , magnetic reconnection (Giannios 2006; Giannios & Spruit 2007 ) and proton-neutron nuclear collisions (Beloborodov 2010; Vurm et al. 2011) . Then, relativistic electrons are generated that upscatter the thermal photons to shape the non-thermal spectrum above the peak energy. Namely, we may get the Band function spectrum with the observed low-energy photon index if the subphotospheric dissipation and the geometric broadening (for structured jet) coexist. So, decided by whether the dissipation exists, we may obtain the two kinds of spectra (COMP or Band) for the peak-flux spectrum or the timeintegrated spectrum within the framework of the photosphere model.
